Abstract. Borehole elongation in 71 drill holes was used to infer breakout orientation and directions of maximum horizontal principal stress S. for six areas west of the San Andreas fault in southern California: Santa Barbara, Ojai, Central Ventura Basin, East Ventura Basin, West Los Angeles Basin, and East Los Angeles Basin. Breakouts were determined from analysis of oriented four-arm caliper data. The breakouts form at the position of the maximum compressive stress on the borehole wall; if the borehole is vertical and parallel to one of the principal stress directions, the breakouts will form parallel to the minimum horizontal principal stress Sh, orthogonal to the maximum horizontal principal stress S.. Observations from deviated boreholes permit some constraints on the relative magnitudes of the principal stresses. In most cases the data permit either a thrust faulting (Sv < Sh < S 
Calculating the Breakout Azimuth From Dipmeter Data
There are two aspects of deriving breakout orientations from oriented dipmeter data in a noncylindrical well bore: determining the direction of well bore elongation, and evaluating whether this well bore elongation is caused by the presence of a breakout or by something else. Dipmeter tools determine orientations using a three-axis magnetometer and thus determine orientations reliably regardless of the borehole deviation. Data needed to calculate the borehole elongation as a function of depth in a well include (1) oriented four-arm caliper data, (2) borehole azimuth, and (3) borehole deviation.
Before assuming that the azimuth of borehole elongation represents a breakout, the quality of the dipmeter data must be carefully examined. Only if the dipmeter data meet our specifications will a breakout azimuth be calculated.
The data must satisfy a series of criteria (modified after Plumb and Hickman [1985] ) to eliminate elongations due to washouts, pinch-ins of the hole, and tool malfunction ( The first criterion locates sections of the well where the tool was prevented from rotating, presumably due to the friction of contact with the wall of the borehole in the zone of elongation.
The second criterion utilizes the fact that the breakout must exceed a certain size in order to halt tool rotation. The third criterion excludes data recorded in sections of well where the tool was off center or the hole was washed out. The fourth criterion accounts for the inability of the tool to detect breakouts smaller than the pad length. The fifth criterion eliminates data where the tool may have scraped along the low side of an inclined borehole, digging its own elliptical channel (a "key seat"). We applied this criterion on a case-by-case basis, as discussed below, because in thrust faulting and some strikeslip faulting stress regimes, breakouts would be expected to form on the high and low sides of the hole, particularly at higher borehole deviations. In some other studies [e.g., Qian and Pedersen, 1991] , breakouts in these orientations have been retained and used to constrain the stress state.
Calculation of the breakout direction for a four-arm dipmeter is relatively straightforward. Plumb and Hickman [1985] showed that the larger caliper diameter generally tracks the axis of the breakout (the borehole elongation direction). Breakouts are assumed to form symmetrically in the borehole, so their directions are defined between 0 ø and 180 ø azimuth (Zajac and Stock, 1997) . They form at the position of maximum hoop stress on the borehole wall. This position is a function of the complete stress tensor affecting the region of the borehole and of the borehole orientation. In the most general case, both the borehole and the principal stress directions lie at arbitrary angles with respect to the vertical. In this situation, as the borehole orientation changes in a constant stress field, the position of maximum hoop stress on the borehole wall varies, and hence the expected breakout orientation also varies. A sufficient number of observations would allow one to invert for the complete stress tensor in the region (Zajac and Stock, 1997) . In a more common case, if the borehole is near vertical and if the principal stresses are horizontal and vertical, then one can recover the direction of maximum horizontal principal stress (Si0 since this is perpendicular to the direction of elongation of the borehole breakouts. The direction of least horizontal principal stress, S h, will be orthogonal to this. Note that in this case, information on stress magnitudes cannot be recovered unless other assumptions are made [e.g., Moos and Zoback, 1990; Vernik and Zoback, 1992] .
Representation of Data and Results
In order to evaluate the possibilities of determining the complete stress tensor from our data, we plot the breakout orientations on a lower hemisphere stereographic projection and then we compare them to theoretical breakout patterns for various stress states (Figures 2 and 3) . Data from vertical boreholes would be plotted at the center of each circular plot, and data from more horizontal holes would plot at the periphery. Using these stereographic projections, the observations were compared to theoretical plots for different stress states. A rough estimate of the best fitting stress state was made by eye. As the borehole orientation changes, so does the breakout orientation, resulting in a unique breakout pattern for each stress state. For pure normal faulting and pure thrust faulting, the breakouts change azimuth most rapidly for near-vertical (low deviation) holes. However, in the strike-slip regime, breakout orientations are expected to be fairly constant for holes close to vertical and should only change rapidly at higher borehole deviations.
Caliper-derived borehole elongations aligned with the high and low sides of the hole (radial on a stereographic plot) usually have been considered unreliable indicators of the compressive stress direction. This is because they could represent tool drag (a "key seat") on the bottom of the hole, a common problem in boreholes that are highly deviated. Key seats can be easily distinguished from breakouts on borehole televiewer logs, but the borehole televiewer is not a routinely used well logging device, and televiewer logs were not available in any of the wells we studied. Nevertheless, there are some borehole orientations for which the breakouts are expected to be radial [Mastin, 1988 The wells were divided into six geographic regions (Tables  1 and 2 The data were plotted on a lower hemisphere stereographic projection, according to the conventions described above (Figure 3b ). Borehole deviations ranged from 0 ø to 50 ø. The non-radial elongation directions are dominated by NW trending azimuths, with an average breakout direction of N70øW. This result is dominated by the data from BF2, DN2, H3, A1, and 404 boreholes. These are the data which we trust the most.
These data correspond to nonradial borehole elongation directions and/or low borehole deviations and are therefore likely to be more reliable. In map view ( Figure 5 ) these holes show a generally consistent pattern of NNW trending S. directions. We interpret these data to indicate a minimum compressive stress direction S h of N70øW and a maximum compressive stress direction S H of N20øE. However, the data for near-vertical sections of boreholes are unusually scattered (Figure 3b The borehole elongation directions show a mixture of orientations at low borehole deviations, with predominantly radial directions of borehole elongation at borehole deviations exceeding about 15 ø (Figure 3d) . Consequently, only the data from the less deviated holes (SH8, TF260, G24, NLF, RT, Hol, Stl, and HI3 boreholes) were used in the analysis. These observations are dominated by holes G24, RT, and TF260, which have NW trending breakout azimuths with an average direction of N44øW, implying a minimum compressive stress direction Sh of N44øW and a maximum compressive stress direction SI• of N46øE.
We obtained very interesting results for Orcutt Trust 1 borehole, the easternmost well analyzed in this region. The OT1 borehole shows NE trending breakout azimuths, with an average direction of N62øE. So, S h is N62øE, and SI• is N28øW (Figure 1 ). This well may be under a different stress regime than the other wells we had analyzed in this region. Kerkela and Stock [1996] analyzed breakouts in near-vertical wells near the San Fernando Valley and found that the direction of Si• is N49øW. This is counterclockwise of the direction we see in the OT1 borehole, but nevertheless, both data show a NE breakout azimuth direction and a NW orientation of the maximum horizontal principal stress. Kerkela and Stock [1996] attributed the NW direction of compression to the structural transition between the Santa Susana fault system and the San Fernando fault system, where a lateral ramp occurs. The OT1 borehole lies west of the lateral ramp and therefore its breakout orientations suggest that NW directed compression may be a more regional feature in this area.
Elongations from wells CVT1 and HR8 are dominantly radial and may be the result of key seats or may indicate a different state of stress from that present in the other holes. Since CVT1 and HR8 are deviated > 15 ø, they are not included in the calculation of the SI• direction. However, hole CVT1 was very close to B13, which was nearly vertical and also showed breakout directions at odds with the NE compression seen in this area. B13 had two breakout zones which suggest a NNW Figures 3e and 3f) . One of the notable results of stress studies in the Cajon Pass borehole was a thorough documentation of depth-dependent variations in the stress field over very short distances. At hole deviations everywhere < 6 ø, in the depth range 1750 m to 3450 m, borehole televiewer logs showed that the breakout orientations had both continuous and discontinuous changes in orientation, as well as gaps. These features were attributed to stress perturbations along active faults [Shamir and . Changes in breakout orientation of 10ø-25 ø were common, but larger changes were observed, particularly at extremely fractured intervals [Sharnir and Zoback, 1992] . Because a borehole televiewer was used to identify the breakouts, there is no possibility that other types of borehole elongations were mistaken for breakouts. It is also noteworthy that the stress state inferred from the Cajon Pass drill hole is not identified from inversion of focal mechanisms in the same region [Jones, 1988] , suggesting that the stress state seen in this drill hole may not be regionally representative. Sharnir and Zoback [1992] suggested that the heterogeneity in the stress field at the Cajon Pass drill hole might characterize substantial distances along and across the San Andreas fault system. Such heterogeneity has not been recognized in regional stress field studies based on seismic data from southern California west of the San Andreas fault. These studies yield overall Si• directions ranging from N IøW to N32øE, from inversions of focal mechanisms [Hauksson, 1990] and an Si• direction of N-S +15 ø based on shear wave splitting [Li et al., 1994; Li, 1996] . However, both of these techniques are more sensitive to deformation and/or crack orientations at depths > 5 km, within the basement, and might plausibly yield results different from those seen in drill holes at shallower levels. It is possible that throughout most of southern California, the scale of stress variation in the upper 5 km is similar to that inferred for the region of the Cajon Pass drill hole but is not detectable by using earthquake-based methods.
Our data show substantial variation in the direction of stress in the shallow crust in southern California. This is consistent with previous studies; for example, Mount and Suppe [1992] report elongation directions ranging from 88 ø to 159 ø from wells in the region of our study, which would correspond to a range of Si• directions from N2øW to N49øE. We have studied a more dense network of holes than were examined by Mount and Suppe [1992] , enabling us to better determine the amount of lateral variability in the stress field and to see possible causes.
Conclusions
We can infer some details of the regional pattern of the stress field from our analysis of 71 well logs from Santa Barbara to the Los Angeles Basin, using the orientations of maximum horizontal principal stresses determined for each borehole.
The boreholes were divided into six geographic areas (Santa Barbara area, Upper Ojai Valley, Central Ventura Basin, East Ventura Basin/Central Transverse Ranges, West Los Angeles Basin, and East Los Angeles Basin) due to the possibility of different states of stress corresponding to different fault systems. The analysis suggests a thrust faulting or strike-slip faulting stress regime in all six areas, with different orientations of the maximum horizontal principal stresses for each area (Table 1 and Figure 1 ). These directions of maximum horizontal compression are Santa Barbara, N13øE+9 ø (lo); Ojai, N20øE+4ø; Central Ventura Basin, N47øE+22ø; Eastern Ventura Basin, N46øE+16 ø, excluding data in the extreme eastem zone, which suggest a local NW direction of compression; west Los Angeles Basin, N0øE+14ø; east Los Angeles Basin, N59øW+23 ø (the high scatter here suggesting that this is probably not a uniform stress regime).
Within some areas (such as the East Ventura Basin and East Los Angeles Basin study areas), considerable variations in horizontal stress directions are visible. The change to NW directions of compression in the easternmost Ventura Basin region is believed to reflect a structural change in the fault patterns of the shallow crust, analogous to that noted previously by Kerkela and Stock [1996] from drill holes in the San Fernando Valley region (data point labeled K-S on Figure 1 ).
